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INTRODUCTION
The surface quality is one of the most specified cus-
tomer requirements and the major indicator of surface
quality on machined parts is surface roughness. The sur-
face roughness is mainly a result of various controllable
or uncontrollable process parameters and it is harder to
attain and track than physical dimensions are. A consid-
erable number of studies have researched the effects of
the cutting speed, feed, depth of cut, nose radius and
other factors on the surface roughness. In recent studies
1, 2, 3 the effects of some factors on surface roughness
has been evaluated and models has been developed. A
central task in science and engineering practice is to de-
velop models that give a satisfactory description of
physical systems being observed. The goal of this study
is to obtain a mathematical model that relates the surface
roughness to three cutting parameters in face milling,
precisely to the cutting speed, feed rate and depth of cut.
In this work two different approaches have been used in
order to get the mathematical models. The first approach
is a design of experiment (DOE) together with an analy-
sis of variance (ANOVA) and regression analysis (RA).
The second approach is modeling by means of artificial
neural networks (ANNs).
SURFACE ROUGHNESS
The surface parameter used to evaluate surface
roughness in this study is the roughness average (Ra).
The roughness average is the area between the
roughness profile and its central line, or the integral of
the absolute value of the roughness profile height over
the evaluation length.
There are a great number of factors influencing the
surface roughness and Figure 1 shows all influential fac-
tors on machined surface roughness.
CONDITIONS OF EXPERIMENT
Test samples made of carbon steel St 52-3 with di-
mensions 230x100x100 mm were prepared and used in
experiments. The face milling experiments were per-
formed by a tool for the face milling Helido 45o, S845
F45SX D063-05-22-R16 using inserts with 8 helical
right-hand cutting edges, produced by Iscar.
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The influence of cutting parameters on surface roughness in face milling has been examined. Cutting speed,
feed rate and depth of cut have been taken into consideration as the influential factors. A series of experiments
have been carried out in accordance with a design of experiment (DOE). In order to obtain mathematical mo-
dels that are able to predict surface roughness two different modeling approaches, namely regression analysis
and neural networks, have been applied to experimentally determined data. Obtained results have been com-
pared and neural network model gives better explanation of the observed physical system. Optimal cutting pa-
rameters have been found using simplex optimization algorithm.
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The type of a machine used for the milling test was
machining center VC 560 manufactured by Spinner.
The surface roughness values of finish-milled work-
pieces were measured by Surtronic 3+ instrument, pro-
duced by Rank Taylor Hobson. The measurements were
repeated ten times. During the process of measuring, the
cutoff length was taken 0,8 mm and the sampling length
5,6 mm. Altogether 36 experiments were conducted.
Twenty experiments were conducted in order to allow
performing ANOVA and RA, and additional 16 experi-
ments to obtain additional data for neural network train-
ing and verification of modeling.
DESIGN OF EXPERIMENT
In this research the design of experiment was real-
ized using the rotatable central composite design
(RCCD). The aim of this work is to find mathematical
models that describe the dependence of machined sur-
face roughness on three cutting parameters:
– the cutting speed, vc,
– the feed rate, f,
– the depth of cut, ap.
The RCCD models the response using the empirical
second-order polynomial and demands altogether 20 ex-
periments, 8 experiments on the vertices of a cube (3
factors on two levels, 23), 6 experiments on the central
axes and 6 repeated experiments on the average level.
Through the regression analysis of the experimental
results, using software Design Expert 6.0, the values of
the model coefficients have been obtained and the re-
gression equation is:
Ra v f a
c p
      5947 0 08 7934 1876. . . . (1)
     0 0003 15801 01112 2 2. . .v f a
c p
        0 067 0 006 2859. . .v f v a f a
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NEURAL NETWORK MODEL
This research uses Bayesian neural network (BNN)
modeling approach. BNN gives probabilistic interpreta-
tion to the network learning process 5 and automati-
cally control the network complexity so there is no need
for validation data set and cross-validation procedure.
The BNN model used in this work consists of three lay-
ers with 3, 5 and 1 neurons in the input, hidden and out-
put layer, respectively. The output layer has linear acti-
vation function. In order to optimize BNN weights, the
scaled conjugate gradient algorithm 5 was used. The
final values of the hyperparameters are  = 2,88 and
 = 20,39. Out of 36 experiments 29 data pairs were cho-
sen for the procedure of training and testing of BNN
model. Furthermore 9 data pairs were randomly selected
so as to form the testing data set. The remained 20 data
pairs were used in the training process.
The effectiveness of training of the BNN model and
its ability to predict correct values for unseen data can be
given in a form of regression analysis where correlation
coefficient R determines the correspondence between
the BNN outputs and targets. The R-value of 0,948 and
0,940 were obtained for the training and testing of BNN
model, respectively. These values indicate that the
model has been very well learnt and that also has the ex-
cellent generalization ability.
ANALYSIS OF RESULTS
Validation of both models was performed with the
testing data set that had not been used in the training pro-
cess. Relative error, obtained using both RA and BNN
methodologies, have been compared in order to deter-
mine the capability of accurate predictions of the surface
roughness. Results of testing are shown in Table 1. Re-
sults from Table 1 indicate that the BNN model offers
better prediction capability. The results obtained from
332 METALURGIJA 47 (2008) 4, 331-334
D. BAJI] et al.: MODELING OF MACHINED SURFACE ROUGHNESS AND OPTIMIZATION OF CUTTING PARAMETERS...
Figure 1. Fishbone diagram with factors that influence
on surface roughness 4
Table 1. Testing the capability of both models for pre-









































108 0,35 1,4 1,67 1,47 1,61 11,72 3,75
80 0,36 2,7 1,82 1,69 1,92 7,23 5,40
110 0,28 2,2 1,14 1,00 1,09 12,59 4,59
90 0,35 1,4 1,8 1,68 1,79 6,84 0,62
100 0,33 1,7 1,25 1,43 1,49 14,03 18,99
95 0,20 2 0,97 0,91 0,93 5,80 4,05
85 0,33 2,6 1,68 1,49 1,61 11,12 4,40
105 0,38 1,5 1,73 1,76 1,94 1,63 12,01
86 0,34 1,1 1,7 1,57 1,74 7,55 2,46
both models in a form of graphical representation are de-
picted on Figures 2, 3 and 4.
Figure 2 shows the response surfaces for Ra for both
RA (Figure 2.a) and BNN (Figure 2.b) modeling meth-
odology for the case when the feed and depth of cut are
variables and the cutting speed is constant 95 m/min. It
is obvious that the feed appears as a dominant influential
factor on Ra. The depth of cut has a minor influence on
the surface roughness.
On Figure 3 can be seen functional dependence of Ra
on the cutting speed and depth of cut for the invariable
feed value of 0,3 mm/t. Responses from RA and BNN
model are shown on Figure 3.a and Figure 3.b, respec-
tively. It can be seen that the dominant factor influenc-
ing the surface roughness is the cutting speed and the
depth of cut shows negligible influence.
Figure 4 shows the influence of the feed and cutting
speed on the roughness at the constant depth of 2 mm.
Figure 4.a shows predictions for the regression model
and Figure 4.b for the BNN model. Obviously, both fac-
tors vc and f influence on Ra but the feed is again the
more influential cutting parameter.
In order to get optimal cutting parameters that give
the minimal value of the surface roughness, the optimi-
zation using simplex optimization algorithm was con-
ducted. The optimization was performed on the BNN
model due to its better prediction ability. The minimum
value of Ra=0,81 µm would be obtained if the studied
cutting parameters were set as follows: vc=110 m/min,
f=0,19 mm/t and ap=0,82 mm.
CONCLUSIONS
The influences of the cutting speed, depth of cut and
feed on machined surface roughness in face milling pro-
cess have been examined. Experiments have been per-
formed on steel St 52-3 and the obtained data has been
analyzed using both RA and BNN modeling approach.
Both methodologies are capable for accurate predic-
tions of the surface roughness, although BNN model
gives somewhat better predictions, with the approxi-
mately relative error of 6,3 %. The same size of the data
set (20 data pairs) was used for inferring the parameters
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Figure 2. Influence of depth of cut and feed on surface roughness at constant cutting speed vc=95 / m/min: a-results
from the regression model; b-results from BNN model
Figure 3. Influence of cutting speed and depth of cut on surface roughness at constant feed f=0,3 / mm/t: a-results
from the regression model; b-results from BNN model
of both models. So BNN model with the training data set
that small can give even better predictions than the re-
gression model.
The results of the performed research show that both
feed and cutting speed influence on surface roughness
but the feed is the most influential factor. The depth of
cut has a negligible influence on the surface roughness.
The minimum surface roughness can be achieved by set-
ting the feed as low as possible and the cutting speed as
high as possible.
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Figure 4. Influence of cutting speed and feed on surface roughness at constant depth ap=2 mm: a- results from the
regression model; b-results from BNN model
